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Abstract The large daily rhythm in circulating melato-
nin levels is a highly conserved feature of vertebrate
physiology: high values always occur at night. The dy-
namics of the rhythm are controlled by the next-to-last
enzyme in melatonin synthesis (serotonin — N-acetylse-
rotonin — melatonin), arylalkylamine N-acetyltransfer-
ase (AANAT), the “melatonin rhythm enzyme”. In verte-
brate biology, AANAT plays a unique time-keeping role
as the molecular interface between the environment and
the hormonal signal of time, melatonin. This chapter de-
scribes the mammalian AANAT regulatory system,
which includes the retina, neural structures, transsynap-
tic processes, and molecular events. In addition, special
attention is paid to the functional characteristics of the
systems which insure that the nocturnal increase in mela-
tonin is an accurate and reliable indicator of the duration
of the night, and why the melatonin rhythm is the most
reliable output signal of the Mind's Clock.

Keywords Pineal gland - Melatonin - Arylalkylamine
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Introduction

The daily rhythm in melatonin is a conserved feature of
vertebrate physiology, with high values always occurring
at night in the dark and never during the day. This signal
plays an important role in physiology, especialy in those
species in which seasonal changes in reproduction are
regulated by seasonal changes in environmental lighting
(Karsh et a. 1991; Arendt 1995; Barrell et a. 2000). In
addition, melatonin can play an entraining role in circa-
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dian physiology (Redman et al. 1983; Arendt 1995; Sack
et al. 2000; Pévet et al. 2002).

The precision and reliability of the photoneuroendo-
crine transduction which regulates the melatonin produc-
tion system, the melatonin rhythm generating system, is
determined by mechanisms which operate at several lev-
els to insure integrity of the melatonin signal. The mo-
lecular interface between regulation and melatonin syn-
thesis is the next-to-last enzyme in melatonin synthesis,
arylalkylamine N-acetyltransferase (AANAT; Fig. 1).
This chapter describes the melatonin rhythm generating
system in mammals, highlighting features that insure ac-
curacy and reliability.

Dynamics of pineal indoles
Daily rhythms

Large daily rhythms in indole metabolism are a defining
characteristic of the pineal gland and a notable feature of
vertebrate circadian biology (Fig. 1). Pineal serotonin
(5-HT) levels are higher during the day than at night; in
some mammals the day/night ratio is greater than 10:1.
Conversely, pineal N-acetylserotonin (NAS) and melato-
nin levels are low during the day and high at night (Klein
1974; Ilinerova et al. 1978; Ilinerova 1991). The switch
between the day and night profiles of pineal indoles are
driven by changes in the activity of AANAT, which in-
creases at night 10- to 100-fold (Klein and Weller 1970;
Klein 1985; Klein et al. 1997). This change in activity is
due to an increase in enzyme protein and to activation
mechanisms. Increased AANAT protein and activity re-
duces the abundance of 5-HT and increases the abun-
dance of the product NAS. Increased levels of NAS in-
crease the formation of melatonin by a mass action effect
mediated by hydroxyindole-O-methyltransferase. This
enzyme exhibits relatively small or no day/night varia-
tion (Wurtman et a. 1963; Klein and Lines 19609;
Wartman et al. 1969; Klein 1974; Sugden and Klein
1983; Namboodiri et al. 1985; Ribelayga et al. 2000).
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Fig. 1 Daily rhythmin pineal
indoles. Serotonin (5-hydroxy-
tryptamine; 5-HT) levels are
high during the day and de-
crease at night (dark panel) be-
cause of alargeincreasein ar-
ylalkylamine N-acetyltransfer-
ase (AANAT) protein and activ-
ity. AANAT transfers an acetyl
group from acetyl CoA to
5-HT. Theincrease in AANAT
activity resultsin anincreasein
the intracellular concentration
of N-acetylserotonin (N-acetyl
5-hydroxytryptamine; NAS),
which is converted to melato-
nin (N-acetyl 5-methoxytrypt-
amine; MEL) by hydroxyin-
dole-O-methyltransferase
(HIOMT). Exposure to light at
night causes a return to the day
time pattern (dotted line). Mod-
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Accordingly, the cellular rate of O-methylation is largely
a function of substrate availability, whereas the N-acety-
lation step is regulated by the amount of active AANAT
protein. The major features of the 24-h pattern of pinea
indole metabolism outlined in Fig. 1 are conserved
among mammals and all other vertebrates.

Although it is clear that large changes in AANAT ac-
tivity are responsible for the daily rhythm in pineal in-
doles, it is not clear what limits the minimum daytime
and maximal nighttime rates of melatonin production.
The determining factor could be the availability of co-
factors, uptake of tryptophan, or the activity of other en-
zymes required for the conversion of tryptophan to mela-
tonin (Klein and Weller 1970; Kapatos et al. 1981; Fur-
ukawa et al. 1993; Ribelayga et al. 2000; Martinez et al.
2001).

Rapid effects of light

A striking feature of pineal indole metabolism is the ex-
quisite sensitivity it exhibits to light exposure at night,
which causes remarkably rapid changes (Fig. 1). The
critical perturbation is arapid decrease in AANAT activ-
ity (t;», ca3 min; Klein and Weller 1972). Thisleads to a
sharp decrease in the conversion of 5-HT to NAS and
melatonin, resulting in a return to the daytime pattern of
metabolites and level of circulating melatonin (llinerova
1971; Ilinerové et a. 1979; Mefford et al. 1983; Nam-
boodiri et al. 1985).

MEL HIOMT
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Clock Time

The relationship between melatonin synthesis
and circulating melatonin

Melatonin is highly lipophilic and is not stored at signifi-
cant levels. Accordingly, it is released into the blood im-
mediately upon synthesis. This close relationship be-
tween production and release is one of two factors that
explain why rapid changes in melatonin synthesis are
rapidly translated into similar changes in circulating lev-
els of melatonin (Ilinerova et al. 1978). The second is
hepatic uptake, 6-hydroxylation, and subsequent metabo-
lism (Kopin et a. 1961; Iguchi et al. 1982). Accordingly,
circulating melatonin levels reflect a dynamic balance of
production-regulated release and rapid hepatic destruc-
tion:

Production,release Hepatic destruction
— —

Circulating melatonin

The neural circuit regulating rhythms in pineal
metabolism

All circadian systems include a circadian oscillator, a
photodetector, and an output signal. In the case of the
melatonin rhythm generating system, these elements and
the neural connections linking them have been described
in detail (for review, see Klein et a. 1991). This com-
plete description makes the melatonin rhythm generating
system unique among mammalian circadian systems.
The oscillator in the melatonin rhythm generating
system is located in the suprachiasmatic nuclei (SCN;
see Gillette and Mitchell 2002), the master circadian os-



cillator, also described as the Mind's Clock (Klein et al.
1991). The SCN control the stimulation of the pineal
gland on a ca 24-h basis (Moore and Klein 1974; Klein
and Moore 1979; Reppert et a. 1981). The autonomous
nature of the SCN is obviousin constant darkness. Under
these conditions the SCN clock continues to drive indole
rhythms in the pineal gland; however, these rhythms
have a period that is longer or shorter than 24 h. This
condition isreferred to as ‘free running’ and is character-
istic of all circadian rhythms that are not entrained to the
environmental lighting cycle. The molecular basis of this
clock is described in detail in this issue by Okamura et
al. (2002).

Light influences the SCN clock directly via photore-
ceptors in the retina and the retinal hypothalamic tract
(RHT; see Gillette and Mitchell 2002; Hannibal 2002).
The photoreceptors mediating effects of light on the cir-
cadian system appear to include classic rods and cones
(Bronstein et al. 1987; Nelson and Takahashi 1991;
Aggelopolous and Meissl 2000) and a newly described
circadian photoreceptor system located in the ganglia
cell layer of the retina. Evidence in support of the latter
system includes the observation that light aters the cir-
cadian system, including pineal melatonin, in mice lack-
ing rods and cones (Freedman et al. 1999; Lucas et al.
1999; for review, see Bellingham and Foster 2002).
These photoreceptors appear to comprise a subset of
mel anopsin-positive retinal ganglion cells that project di-
rectly to the SCN and aso to other hypothalamic sites
including the subparaventricular zone via the RHT
(Moore et al. 1995; Kramer et al. 2001; Berson et al.
2002; Hannibal et a. 2002; Hattar et a. 2002; Provencio
et al. 2002). At this time in the development of our un-
derstanding of the mechanisms involved in the effects of
light on circadian function, it appears that the population
of photoreceptors mediating this is not fixed and may
shift depending on the state of the reting; in addition, it is
reasonable to entertain the hypothesis that information
from rods and cones might be relayed to the SCN via the
melanopsin-positive ganglion cells.

Light has several clear effects on clock function.
These include phase shifting and entrainment, which
synchronize the clock to the environmental lighting cy-
cle, thereby preventing ‘free running’. Another important
effect of light is to adjust the duration of the period that
the SCN sends stimulatory signals to the pineal gland in-
fluencing AANAT activity and melatonin synthesis
(I1'nerova 1991; Wehr 1991; Arendt 1995). For example,
the SCN of animals exposed to 10 days of long nights
can stimulate the pineal gland for a longer period than
the SCN of animals exposed to 10 days of short nights,
as judged by measuring AANAT activity in animals re-
leased from light/dark cycles into constant darkness.

The rapid suppressive effects of light described above
(Fig. 1) are clock-independent. The suppressive effects
of light, also referred to as ‘masking’, appear to be due
to interruption of transmission of signals from the SCN
to the pineal gland, i.e., a gating effect downstream of
the clock. The precise location of the site at which ‘gat-
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Fig. 2 Mammalian melatonin rhythm generating system. The os-
cillator regulating pineal function islocated in the suprachiasmatic
nuclel (SCN). Light acts via the retina and a retinohypothalamic
projection (RHP) to entrain the clock and to adjust the duration of
the period that the pineal gland is stimulated. In addition, light
acts downstream of the clock system to gate transmission of sig-
nals from the SCN to the pineal gland. Monosynaptic connections
exist between the SCN and paraventricular nucleus (PVN) and be-
tween the PVN and preganglionic cells in the intermediolateral
cell column (IML) that innervate a subpopulation of cells in the
superior cervical ganglia (SCG). The sympathetic cells course to
the pineal gland (P) through the inferior carotid nerve (ICN) and
nervi conarii (NC). Stimulation of the pineal gland at night via this
system results in the release of norepinephrine, which causes
AANAT activity to increase, leading to an increase in melatonin
production and secretion. One of the sites of action of melatonin is
the SCN. OC Optic chiasm, MFB medial forebrain bundle, RF re-
ticular formation. Modified after Klein et al. (1983a)

ing’ occurs is not clear; gating might occur in the SCN,
or other sites innervated by the RHT. Interruption of
SCN stimulation of the pineal gland leads to a rapid de-
crease in AANAT activity and protein (Klein and Weller
1972; Klein 1985; Gastel et al. 1998).

Transforming growth factor-a/epidermal growth fac-
tor signaling appears to play a role in the SCN and reti-
nal regulation of locomotor activity and sleep (Kramer et
al. 2001). This signaling system might aso be involved
in controlling the melatonin rhythm generating system,
both in resetting the clock and in the rapid gating effect
of light.

The SCN pineal neural circuit passes through central
and peripheral structures (Fig. 2; Klein et a. 1971,
19833, b; Moore and Klein 1974; Yanovski et al. 1987;
Larsen et al. 1998; Teclemariam-Mesbah et al. 1999).
Projections from SCN cells innervate cells in the para-
ventricular nucleus (PVN; for review, see Kalsbeek and
Buijs 2002), which in turn send projections through the
medial forebrain bundle and reticular formation to pre-
ganglionic cells in the intermediolateral cell column of
the spinal cord. These innervate a small population of
sympathetic cells in the superior cervica ganglia
(Bowers et al. 1984), which project to the pineal gland
viathe inferior carotid nerve and the nervi conarii. Sym-
pathetic innervation of the pineal gland takes the form of
an extensive network of norepinephrine (NE)-containing
fibers that course through the perivascular space (for re-
view, see Mgdller and Baeres 2002). Circadian stimula-
tion of these fibers by the SCN - pineal circuit releases
NE into this space, where it diffuses to the surface of the
pinealocyte (Fig. 3; Brownstein and Axelrod 1974;
Drijfhout et al. 19964, b).
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Fig. 3 Adrenergic regulation of AANAT activity and melatonin
production. Activation of the neural system outlined in Fig. 2 re-
sults in the release of norepinephrine (NE) from sympathetic pro-
cesses coursing through the pineal gland. NE is released into the
perivascular space and diffuses to the surface of the pinealocyte
where it binds to and activates a,- and (3;-adrenergic receptors
(AR). B;-AR activation results in a G-protein (Gs)-mediated stimu-
lation of adenylate cyclase (AC); a,-AR activation elevates Ca*
and diacylglyceral (DAG), which leads to activation of protein ki-
nase C (PKC; Sugden and Klein 1988). The increase in PKC po-
tentiates B,-AR stimulation of AC (Sugden et al. 1985) through a
postreceptor mechanism (Ho et al. 1988a, b; Sugden and Klein
1988), causing a rapid increase in the production of intracellular
cyclic AMP. Cyclic AMP acts through multiple mechanisms to in-
crease AANAT activity and melatonin production. In rodents, the
abundance of AANAT mRNA is regulated by cyclic AMP; eleva-
tion of cyclic AMP causes AANAT mRNA to increase more than
150-fold at night. This is driven by phosphorylation of the tran-
scription factor cyclic AMP response element-binding protein
(CREB) by protein kinase A (PKA; Roseboom and Klein 1995).
However, in many mammals, including ungulates and the rhesus
monkey, AANAT mRNA is maintained at high levels throughout
the day (Coon et al. 1995; Klein et al. 1997; Schomerus et al.
2000). Trandation of AANAT mRNA results in production of

It isnot entirely clear whether the SCN generates pos-
itive signals, which are relayed to the pineal gland
through the SCN - pineal circuit. Although this is sup-
ported by observations that AANAT activity is sup-
pressed in animals with SCN lesions or SCN islands
(Moore and Klein 1974; Klein and Moorel979; Reppert
et al. 1981), it has aso been proposed that the SCN gen-
erates signals during the day, but not night, which block
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AANAT protein, which has two fates. destruction by proteasomal
proteolysis or protection/activation. In all vertebrates, cyclic
AMP-dependent phosphorylation prevents destruction by causing
AANAT to bind to 14-3-3 proteins, forming a reversible complex
in which AANAT is activated and protected from proteolysis
(Ganguly et al. 2001; Obsil et al. 2001). Question mark indicates
that cyclic AMP appears to activate phospho-AANAT complexed
to 14-3-3 through unknown mechanisms (Coon et al. 2001). Aster-
isk indicates that Ca** potentiates cyclic AMP-induced increases
in AANAT activity (Yu et a. 1993); the mechanism is not known.
The increase in AANAT activity accelerates the conversion of se-
rotonin (5-HT) to N-acetylserotonin (NAS), which is rapidly con-
verted to melatonin by HIOMT (Fig. 1). Melatonin is highly lipo-
philic and does not appear to be stored. Accordingly, the newly
synthesized melatonin is immediately released, raising circulating
melatonin levels (Ilinerova et a. 1978). The amount of melatonin
in the circulation is controlled by production in the pineal gland
and rapid destruction by the liver. When neural stimulation of the
gland ceases, there is rapid reversal of the activated state, i.e., cy-
clic AMP decreases, and phospho-AANAT dissociates from 14-3-3,
is dephosphorylated, and then is destroyed by proteasomal prote-
olysis. This leads to a drop in melatonin production and an in-
creasein 5-HT

PVN stimulation of the pineal gland (Kalsbeek et al.
1996, 1999; for review, see Kalsheek and Buijs 2002).
Although there is disagreement regarding the functional
relationship of elements of the SCN pineal circuit, there
is no doubt that this circuit mediates the circadian release
of NE in the pineal gland; the influence of other neural
systems on the daily rhythm in melatonin synthesis in
mammalsis not clear.



Although there is little or no release of NE from the
pineal sympathetic processes during the day, sympathetic
processes play a very important day-time role, because
they take up NE and epinephrine that diffuse out of the
blood into the perivascular space (Fig. 3). This prevents
accumulation of catecholamines at levels sufficient to
activate the pineal gland (Parfitt and Klein 1976). The
importance of this mechanism is evident from studies in
which circulating NE is elevated by stress. Under these
circumstances, extrapineal-derived NE will activate the
denervated pineal gland but not the innervated gland,
similarly, treatments with drugs that block reuptake will
elevate AANAT activity (Parfitt and Klein 1976; Golden
et a. 1988; Oxenkrug et al. 1990).

Neural regulation of pineal second messengers

Norepinephrine controls AANAT activity through ac-
tions on adrenergic receptors, which increase the intra-
cellular concentrations of cyclic AMP and Cat* (Fig. 3).
Studies in the rat established that elevation of cyclic
AMP reflects activation of both a;- and (3;-adrenergic
receptors, which control cyclic AMP production through
a combinatorial mechanism that has also been described
as ‘cross-talk’ or an ‘AND’ mechanism (Sugden et al.
1985; Vanecek et al. 1985, 1986). Norepinephrine acti-
vation of [,-adrenergic receptors increases adenylate
cyclase (AC) activity; the concurrent stimulation of a-
adrenergic receptors by NE potentiates this response
through a Ca**, phospholipase C protein kinase C
(PKC) mechanism (Ho et al. 1988a, b). The increase in
Ca' is due to release from intracellular stores and in-
creased influx (Sugden et al. 1986, 1987; Schomerus et
al. 1995; Korf et al. 1997). a,-Adrenergic receptors also
mediate the activation of phospholipase C, which leads
to an increase in accumulation of diacylglycerol (Berg
and Klein 1972; Ho et a. 1988a, b). The increases in
Ca*+ and diacylglycerol activate PKC, which potentiates
[;-adrenergic activation of AC through actions at a
postreceptor site (Sugden et a. 1985; Sugden and Klein
1988).

Second messenger regulation of AANAT

Cyclic AMP plays a highly conserved role in regulating
vertebrate AANAT. The importance of cyclic AMP in
the regulation of AANAT has been revealed in experi-
ments with several mammalian systems, as well as with
pineal glands from fish and chicken. Cyclic AMP and
AANAT are linked by two protein kinase A (PKA)-me-
diated phosphorylation sites (PKA sites) found in all
AANAT proteins. These mediate cyclic AMP control of
AANAT protein degradation (Fig. 4; Coon et a. 1995;
Klein et a. 1997). Cyclic AMP aso acts on transcription
in some mammals; specifically, cyclic AMP response el-
ements (CRE) in the rodent AANAT gene mediate cyclic
AMP regulation of AANAT transcription via PKA-medi-
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Fig. 4 Structure of arylalkylamine N-acetyltransferase (AANAT).
Vertebrate AANATs (MW ca 23 kDa) are organized into a central
catalytic core, which alone has enzymatic activity, and flanking
regulatory regions, each of which has a PKA site. Phosphorylation
of the N-terminal PKA site converts the 6-residue sequence con-
taining the PKA site (italicized) into a 14-3-3 binding motif:
RRHTLPAN — RRHpTLP The phosphorylated sequence mediates
binding of AANAT to 14-3-3 as indicated by functional studies
and X-ray crystallographic analysis of the complex (Ganguly et al.
2001; Obsil et al. 2001). The arylalkylamine-binding domain char-
acterizes the AANAT family. The AcCoA binding domain is simi-
lar to that found in the acetyltransferase superfamily identified as
the ‘Motif A/B’ superfamily, reflecting two highly conserved mo-
tifs in the AcCoA binding domain, or, as the ‘GNAT’ superfamily,
reflecting membership of an important enzyme, GCN5. The struc-
ture and function of this superfamily are reviewed in detail in
Dydaet a. (2000)

ated phosphorylation of CRE binding-protein (CREB)
(for review, see Stehle et a. 2002).

It should also be noted that Ca** has a second, less
well understood, combinatorial influence on pineal sig-
nal transduction (Fig. 3), mediating a,-adrenergic poten-
tiation of (3;-adrenergic stimulation of AANAT (Klein et
a. 1983b). Ca potentiates the effects of cyclic AMP
(Yu et a. 1993), downstream of cyclic AMP generation.
It is not clear whether this effect of Ca** reflects an ac-
tion on transcription or translation, or on both.

AANAT mRNA: regulation in some but not all mammals

AANAT mRNA levels are elevated continually, day
and night, in ungulate and primate pinea glands. Ac-
cordingly, changes in transcription play no role in the
regulation of AANAT activity in these species (Rollag
and Niswender 1976; Namboodiri et al. 1985; Klein et
al. 1997; Schomerus et a. 2000). In rodents, however,
AANAT mRNA increases more than 100-fold at night
(Roseboom et al. 1996; Klein et al. 1997). The function-
al importance of this difference may be linked to the pat-
terns of melatonin production generated in these species.
In ungulates and primates, melatonin increases shortly
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after lights-off at night. The immediate increase in mela-
tonin may reflect in part the presence of AANAT mRNA,
which makes it possible for AANAT protein to increase
immediately. As discussed below, this increase is due to
inhibition of degradation of AANAT protein. The re-
quirement for new synthesis of AANAT mRNA in ro-
dents confers a lag period on the increase in AANAT ac-
tivity. This may be of special importance in tailoring the
pattern of melatonin production because it prevents the
increase in AANAT activity and melatonin synthesis ear-
ly in the night period, which is known to be a critical pe-
riod for effects of melatonin in hamsters (Tamarkin et al.
1980).

The increase in AANAT mRNA in rodents is due to
cyclic AMP-dependent PKA-phosphorylation of CREB,
which binds to the AANAT promoter via multiple CRE
elements. The CREB phosphorylation (pCREB) enhanc-
es transcription (Roseboom and Klein 1995; Baler et al.
1997).

The degree of enhancement is inversely linked to the
abundance of an inhibitory transcription factor, inducible
cyclic AMP early repressor (ICER; Stehle et al. 1993;
Maronde et a. 1999), which competes with CREB for
CRE sites on the AANAT gene (Stehle et al. 1993). ICER
transcription is increased ca 100-fold at night through an
adrenergic-cyclic AMP mechanism; however, in con-
trast, ICER protein exhibits relatively small (ca 4-fold)
day/night differences (Foulkes et al. 1996a; Maronde et
al. 1999; von Gall et a 2000). The physiological func-
tional importance of daily changesin ICER protein as re-
gards AANAT expression is unclear, in part because
ICER is not necessary for AANAT to cycle; this was
demonstrated using mice in which ICER is not expressed
(Foulkes et al. 1996a).

Although arole for ICER in controlling the daily dy-
namicsin AANAT mRNA is still a matter of debate, other
evidence suggests along-term role. For example, the am-
plitude of the increase in AANAT mRNA is enhanced in
mice not expressing ICER, and ICER protein levels
change gradually over a period of many weeks (Foulkes
et al. 1996a, b). This suggests that ICER may provide a
memory of prior stimulation of the pinea gland, and,
following prolonged periods of adrenergic stimulation,
the peak in AANAT mRNA levels gradualy decreases
because the number of ICER-occupied CRE sites in the
AANAT promoter has increased, thereby reducing
pPCREB-dependent transcription (for review, see Stehle
et a. 2002).

The decrease in AANAT mRNA at the end of the night
period has not been studied extensively, but it seems rea-
sonable to suspect that the decrease in cyclic AMP levels
at the end of the night period leads to dephosphorylation
of pCREB, which turns off AANAT transcription. The re-
sidual AANAT mRNA disappears because transcription
decreases and mMRNA is destroyed by RNase.

It is of tangential interest to note that other regulatory
elements in the AANAT gene exist and play arolein reg-
ulating expression of the AANAT gene (Baler et a.
1999). Specificaly, the rat AANAT gene contains an

E-box sequence that directly interacts with clock genes
to control gene expression (Kyriacou and Rosato 2000).
This element appears to control the daily rhythm in
AANAT mRNA in the chicken pineal gland (Chong et al.
2000; for review, see Natesan et al. 2002) and to mediate
clock regulation of AANAT mRNA in the rat retina
(Chen and Baler 2000). Daily rhythms of other clock
genes have been reported to occur in the pineal gland, in-
cluding mPer1 (in mouse) and rPerl (in rat), where they
are under adrenergic cyclic AMP control (Fukuhara et al.
2000; Takekida et al. 2000; von Gall et a. 2001). The re-
lationship of these proteins to AANAT gene expression
has not been established. Finally, AP-1 elements are
found in the rat AANAT promoter (Baler et al. 1999).
These were suspected of mediating effects of Fra-2 pro-
tein, which exhibits a ca 100-fold rhythm in the pineal
(Baler and Klein 1995); however, this does not seem to
be the case, because rhythms in AANAT activity,
MRNA, and melatonin synthesis are normal in animals
in which pineal Fra-2 is ‘knocked down’ (Smith et al.
2001).

Regulation of AANAT protein: a highly conserved
regul atory mechanism

The mechanism controlling vertebrate AANAT protein
(Fig. 4) is the most highly conserved feature of melato-
nin regulation. It provides a rapid and efficient mecha-
nism through which cyclic AMP controls AANAT activ-
ity and melatonin production by regulating the amount of
AANAT protein. In brief, cyclic AMP switches the fate
of AANAT from destruction to protection and activation
(Fig. 5). In the absence of cyclic AMP, AANAT is de-
stroyed by proteasomal proteolysis (Gastel et al. 1998;
Zatz et al. 1999; Schomerus et al. 2000; Falcon et al.
2001; luvone et al. 2002). Cyclic AMP prevents this
through PK A-dependent phosphorylation of the N-termi-
nal PKA site, which leads to binding of AANAT to 14-3-3
proteins (Roseboom et al. 1994; Ganguly et al. 2001;
Obsil et al. 2001). When cyclic AMP is elevated, it ap-
pears that most, if not all, of AANAT is phosphorylated
and bound to 14-3-3 in areversible complex.

Phosphorylation of AANAT promotes binding by
converting a sequence with low affinity for 14-3-3 into
one with high affinity (Ganguly et al. 2001):

RRHT;,LP — RRHpT;,LP

When bound to 14-3-3, AANAT appears to be protected
against proteasomal proteolysis and dephosphorylation
by protein phosphatase. In addition, binding increases
the affinity of AANAT for low concentrations of 5-HT.
The increased affinity appears to reflect the 14-3-3 re-
striction of the movement of a floppy loop of AANAT in
a configuration favoring 5-HT binding (Obsil et al.
2001). X-ray crystallographic analysis indicates that the
region containing the N-terminal PKA site of AANAT is
bound to an amphipathic binding groove in 14-3-3 pro-
teins (Obsil et al. 2001); multiple contacts exist between
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Fig. 5 Scheme showing regu- Cyclic AMP
lation of AANAT protein by
cAMP
“Destruction” l “Protection and Activation”
FPKA
- AANAT ——®=  pAANAT
Proteasomal PP
protaolysis
14-3-3
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pT;; and 14-3-3. Although there are numerous contacts
involving neighboring residues, the unphosphorylated
protein binds poorly to 14-3-3. This indicates that cyclic
AMP-dependent phosphorylation of T,; functions as a
binding switch by adding potential binding contacts.

Although cyclic AMP-PKA mediated phosphoryla-
tion favors formation of the complex, the AANAT-14-3-3
complex is reversible (Ganguly et al. 2001). Free pho-
spho-AANAT (pAANAT) can be dephosphorylated,
which prevents association with 14-3-3, leading to pro-
teasomal proteolysis. However, in the presence of high
levels of cyclic AMP, formation of pAANAT is favored,
resulting in formation of the 14-3-3 complex and mainte-
nance of high levels of AANAT activity and melatonin
synthesis.

Recent evidence indicates that cyclic AMP can acti-
vate pAANAT, apparently while complexed to 14-3-3
proteins in the cell (Coon et a. 2001; Fig. 3). The pre-
cise mechanism through which this occursis not known.

The integrity of the melatonin signal as an indicator
of darkness at night

It is of interest to review the components of the melato-
nin rhythm generating system and to specifically address
the question of how each contributes to the integrity of
the melatonin signal as an indicator of darkness at night.
As described below, multiple layers of mechanisms exist
that preclude the inappropriate increase in melatonin
production during the day or during periods of the night
when melatonin synthesis should not occur.

Suprachiasmatic nuclei

Suprachiasmatic nuclei are the source of circadian neural
signals, which drive the rhythm in AANAT activity and
melatonin production. The pattern of SCN signals in-
sures the pineal gland can only be stimulated at night.
Accordingly, exposure of animals to darkness during the
day does not elevate AANAT activity or melatonin pro-
duction.

It is of interest to note that the relationship between
an endogenous circadian clock and AANAT is also seen
in the mammalian retina, perhaps in photoreceptor cells
(Tosini and Menaker 1996; Chen and Baler 2000;

pAANAT:14-3-3

Fukuhara et a. 2001; for review, see Tosini and
Fukuhara 2002), and in lower vertebrates, in which the
circadian clock is located within the pinealocyte
(Bernard et al. 1997; Coon et a. 1998; for review, see
Natesan et al. 2002). This underlines the importance
of circadian control of melatonin in vertebrate physi-

ology.

Masking effect of light

The suppressive effect of light on neura stimulation of
the pineal gland prevents SCN stimulation of the pineal
gland at the beginning and end of the night period. This
functions to tailor or fine tune the melatonin signal. The
rapid effects of light on AANAT activity and melatonin
production result in near square-wave melatonin signals,
most evident in ungulates and primates, which produce
large differences in circulating melatonin within a short
period of time. As a result, an animal is able to sense
subtle differencesin day length.

Neural insulation

The neural pathway from the SCN to the pineal gland
appears to be functionally and structuraly insulated
(Larsen et a. 1998). This appears to prevent significant
stimulation of melatonin synthesis via activation of other
central neural systems or stress-induced activation of the
sympathetic nervous system (Parfitt and Klein 1976).
The physiological importance of other neural inputs
(Wartman et a. 1969; Mgller and Korf 1983a, b; Mgller
1999; for review, see Mgaller and Baeres 2002) in
controlling melatonin synthesis has not been well docu-
mented.

Reuptake mechanism

Reuptake of NE by sympathetic terminals in the pineal
gland has two important effects. One is to rapidly termi-
nate neural stimulation of the gland by sequestering NE
in the perivascular space (Parfitt and Klein 1976). As
discussed above, the second is to prevent inappropriate
stimulation of melatonin production by stress-induced
increases in circulating NE.
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Dual adrenergic receptor regulation of pineal AANAT
at two levels

Dual adrenergic regulation of AANAT occurs at the re-
ceptor level, where activation by NE involves a,-adren-
ergic Ca++-dependent potentiation of [3;-adrenergic stim-
ulation of AC. This has two advantages. First, it allows
for the effects of low levels of NE on AC to be ampli-
fied, and it also increases the integrity of the cyclic AMP
response to NE by requiring two receptors to be activat-
ed. This minimizes the impact that other agonists might
have on AANAT and melatonin production. It should be
noted that a number of neurotransmitters and related ag-
onists, other than NE, have effects on pineal second mes-
sengers (Korf et a. 1998). Although thisis of pharmaco-
logical interest, the physiological relevance of these ob-
servations is unclear because no evidence is available to
indicate that any transmitter other than NE isinvolved in
regulating melatonin synthesis at the level of the pineal-
ocyte.

In addition to dual receptor regulation of cyclic AMP,
dual receptor regulation of AANAT occurs downstream
at a point where effects of cyclic AMP are potentiated by
Ca™ (Yu et a. 1993). Accordingly, two potentiating
mechanisms exist to enhance the effects of NE on
AANAT and melatonin production.

AANAT mRNA rhythm in rodents

The absence of AANAT mRNA during the day in rodents
prevents synthesis of AANAT protein during this period
and delays AANAT synthesis at night. This lag period
may be important in limiting melatonin production to
precise periods of the night, and may be linked to sea-
sonal regulation of the periods during which melatonin
receptor regulated systems are sensitive to melatonin (for
review, see Pévet et al. 2002; Ross and Morgan 2002;
Stehle et a. 2002).

AANAT proteolysis

The rapid destruction of AANAT following cessation of
neural stimulation provides a means for very rapidly
turning off melatonin synthesis. This improves the mela-
tonin signal by making it nearly sguare wave; as dis-
cussed above, small differences in the duration of the
night period can be reliably converted into distinct dif-
ferences in the duration of melatonin production, making
it possible for an animal to accurately detect small differ-
ences in day length. This would not be possible if the
melatonin production was turned off gradually.

Melatonin destruction

The rapid destruction of melatonin by the liver through
6-hydroxylation and subsequent modification clears me-

latonin from the circulation. This is essential for the con-
version of rapid changes in melatonin production in the
pineal gland into rapid changes in circulating melatonin.
For example, without this, circulating levels of melato-
nin would not drop rapidly when melatonin synthesis is
reduced by exposure to light.

Summary

In summary, mammals have a complex neural system
that converts information about the photic environment,
the relative lengths of the day and night, into a chemical
signal, melatonin. This system involves the retina, the
circadian clock in the SCN, and an SCN - pineal neural
circuit that regulates AANAT activity. Neural signals are
linked to AANAT activity through multiple intracellular
mechanisms. In al mammals, AANAT activity is regu-
lated by cyclic AMP-inhibited proteasomal proteolysis;
in rodents, neural control of AANAT mMRNA expression
also occurs, thereby playing an additional role in deter-
mining when AANAT protein can be synthesized and
melatonin can be produced. Analysis of the components
of this system reveals that each contributes to the reli-
ability, integrity, and dependability of the melatonin sig-
nal as an indicator of time. This establishes melatonin as
the most reliable measure of SCN function in mammals
(Lewy et a. 1999; Duffy et a. 2002), to a large degree
because other SCN-driven systems, including locomotor
activity, temperature, and cortisol are influenced by non-
SCN factors. The high integrity of the melatonin signal
is consistent with the essential role it plays in seasonal
and circadian physiology.

References

Aggelopoulos NC, Meissl H (2000) Responses of neurones of the
rat suprachiasmatic nucleus to retinal illumination under pho-
topic and scotopic conditions. J Physiol 523:211-222

Arendt J (1995) Melatonin and the mammalian pineal gland.
Chapman and Hall, London, pp 201-285

Baer R, Klein DC (1995) Circadian expression of transcription
factor Fra-2 in the rat pineal gland. J Biol Chem 270:27319—
27325

Baler R, Covington S, Klein DC (1997) The rat arylalkylamine
N-acetyltransferase gene promoter. CAMP activation via a
CAMP-responsive element-CCAAT complex. J Biol Chem
272:6979-6985

Baler R, Covington S, Klein DC (1999) Rat arylalkylamine N-ace-
tyltransferase gene: upstream and intronic components of a bi-
partite promoter. Biol Cell 91:699-705

Barrell GH, Thrun LA, Brown ME, Viquie C, Karsch FJ (2000)
Importance of photoperiodic signal quality to entrainment of
the circannua reproductive rhythm of the ewe. Biol Reprod
63:769-774

Bellingham J, Foster RG (2002) Opsin and mammalian photoen-
trainment. Cell Tissue Res (this issue)

Berg GR, Klein DC (1972) Norepinephrine increases the (32P)la-
belling of a specific phospholipid fraction of post-synaptic pi-
neal membranes. J Neurochem 19:2519-2532

Bernard M, Klein DC, Zatz M (1997) Chick pineal clock regulates
serotonin N-acetyltransferase mMRNA rhythm in culture. Proc
Natl Acad Sci USA 94:304-309



Berson DM, Dunn FA, Takao M (2002) Phototransduction by reti-
nal ganglion cells that set the circadian clock. Science 295:
1070-1073

Bowers CW, Dahm LM, Zigmond RE (1984) The number and dis-
tribution of sympathetic neurons that innervate the rat pineal
gland. Neuroscience 13:87-96

Bronstein DM, Jacobs GH, Haak KA, Neitz J, Lytle LD (1987)
Action spectrum of the retinal mechanism mediating nocturnal
light-induced suppression of rat pineal gland N-acetyltransfer-
ase. Brain Res 406:352-356

Brownstein M, Axelrod J (1974) Pineal gland: 24-hour rhythm in
norepinephrine turnover. Science 184:163-165

Chen W, Baler R (2000) The rat arylalkylamine N-acetyltransfer-
ase E-box: differential use in a master vs. a slave oscillator.
Mol Brain Res 81:43-50

Chong NW, Bernard M, Klein DC (2000) Characterization of the
chicken serotonin N-acetyltransferase gene: activation via
clock gene heterodimer/E box interaction. J Biol Chem 275:
32991-32998

Coon SL, Roseboom PH, Baler R, Weller JL, Namboodiri MA,
Koonin EV, Klein DC (1995) Pineal serotonin N-acetyltrans-
ferase: expression cloning and molecular analysis. Science
270:1681-1683

Coon SL, Bégay V, Falcon J, Klein DC (1998) Expression of me-
latonin synthesis genes is controlled by a circadian clock in
the pike pineal organ but not in the trout. Biol Cell 90:
399405

Coon SL, Weller JL, Korf HW, Namboodiri MAA, Rollag M,
Klein DC (2001) cAMP regulation of arylalkylamine N-ace-
tyltransferase (AANAT, EC 2.3.1.87): a new cell line (1E7)
provides evidence of intracellular AANAT activation. J Biol
Chem 276:24097-24107

Drijfhout WJ, Grol CJ, Westerink BH (1996a) Parasympathetic
inhibition of pineal indole metabolism by prejunctional mod-
ulation of noradrenaline release. Eur J Pharmacol 308:
117-124

Drijfhout WJ, Linde AG van der, Kooi SE, Grol CJ, Westerink BH
(1996b) Norepinephrine release in the rat pineal gland: the in-
put from the biological clock measured by in vivo microdialy-
sis. JNeurochem 66:748-755

Duffy JF, Zeitzer JM, Rimmer DW, Klerman EB, Dijk DJ,
Czeisler CA (2002) Peak of circadian melatonin rhythm oc-
curs later within the sleep of older subjects. Am J Physiol En-
docrinol Metab 282:E297-E303

Dyda F, Klein DC, Hickman AB (2000) GCN5-related N-acetyl-
transferases: a structural overview. Ann Rev Biophys Biomol
Struct 29:81-103

Falcdn J, Galarneau KM, Weller JL, Ron B, Chen G, Coon SL,
Klein DC (2001) Regulation of arylalkylamine N-acetyltrans-
ferase-2 (AANAT2, EC 2.3.1.87) in the fish pineal organ: evi-
dence for a role of proteasomal proteolysis. Endocrinology
142:1804-1813

Foulkes NS, Borjigin J, Snyder SH, Sassone-Corsi P (1996a)
Transcriptional control of circadian hormone synthesis via the
CREM feedback loop. Proc Natl Acad Sci USA 93:14140-
14145

Foulkes NS, Duval G, Sassone-Corsi P (1996b) Adaptive induci-
bility of CREM as transcriptional memory of circadian
rhythms. Nature 381:83-85

Freedman MS, Lucas RJ, Soni B, Schantz M von, Munoz M,
David-Gray Z, Foster R (1999) Regulation of mammalian cir-
cadian behavior by non-rod, non-cone, ocular photoreceptors.
Science 284:502-504

Fukuhara C, Dirden JC, Tosini G (2000) Circadian expression of
period 1, period 2, and arylalkylamine N-acetyltransferase
MRNA in the rat pineal gland under different light conditions.
Neurosci Lett 286:167-170

Fukuhara C, Dirden JC, Tosini G (2001) Photic regulation of me-
latonin in rat retina and the role of proteasomal proteolysis.
Neuroreport 12:3833-3837

Furukawa Y, Ikuta N, Omata S, Yamauchi T, Isobe T, Ichimura T
(1993) Demonstration of the phosphorylation-dependent inter-

135

action of tryptophan hydroxylase with the 14-3-3 protein. Bio-
chem Biophys Res Commun 194:144-149

Gal C von, Lewy A, Schomerus C, Vivien-Roels B, Pévet P,
Korf HW, Stehle JH (2000) Transcription factor dynamics and
neuroendocrine signalling in the mouse pineal gland: a com-
parative analysis of melatonin-deficient C57BL mice and me-
latonin-proficient C3H mice. Eur JNeurosci 12:964-972

Gall C von, Schneider-Huther I, Pfeffer M, Dehghani F, Korf HW,
Stehle JH (2001) Clock gene protein mPER1 is rhythmically
synthesized and under cAMP control in the mouse pineal or-
gan. J Neuroendocrinol 13:313-316

Ganguly S, Gastel JA, Weller JL, Schwartz C, Jaffe H, Namboo-
diri MA, Coon SL, Hickman AB, Rollag M, Obsil T, Beauver-
ger P, Ferry G, Boutin JA, Klein DC (2001) Role of a pineal
cAMP-operated arylalkylamine N-acetyltransferase/14-3-3-
binding switch in melatonin synthesis. Proc Natl Acad Sci
USA 98:8083-8088

Gastel JA, Roseboom PH, Rinaldi PA, Weller JL, Klein DC (1998)
Melatonin production: proteasomal proteolysis in serotonin N-
acetyltransferase regulation. Science 279:1358-1360

Gillette MU, Mitchell JW (2002) Signaling in the SCN: selective-
ly responsive and integrative. Cell Tissue Res (thisissue)

Golden RN, Markey SP, Risby ED, Rudorfer MV, Cowdry RW,
Potter WZ (1988) Antidepressants reduce whole-body norepi-
nephrine turnover while enhancing 6-hydroxymelatonin out-
put. Arch Gen Psychiatry 45:15-154

Hannibal J (2002) Neurotransmitters of the retinohypothalamic
tract. Cell Tissue Res (thisissue)

Hannibal J, Hindersson P, Knudsen SM, Georg B, Fahrenkrug J
(2002) The photopigment melanopsin is exclusively present in
pituitary adenylate cyclase-activating polypeptide-containing
retinal ganglion cells of the retinohypothalamic tract. J Neuro-
sci 22:1-7

Hattar S, Liao HW, Takao M, Berson DM, Yau KW (2002) Melan-
opsin-containing retinal ganglion cells: architecture, projec-
tions, and intrinsic photosensitivity. Science 295:1065-1070

Ho AK, Chik CL, Klein DC (1988a) Effects of protein kinase in-
hibitor 1-(5-isoquinolinesulfonyl)-2-methylpiperazine (H7) on
protein kinase C activity and adrenergic stimulation of CAMP
and cGMP in rat pinealocytes. Biochem Pharmacol 37:1015—
1020

Ho AK, Thomas TR, Chik CL, Anderson W, Klein DC (1988b)
Protein kinase C: subcellular redistribution by increased Ca2*
influx. J Biol Chem 263: 9292-9297

Iguchi H, Kato K1, Ibayashi H (1982) Melatonin serum levels and
metabolic clearance rate in patients with liver cirrhosis. J Clin
Endocrinol Metab 54:1025-1027

Illnerova H (1971) Effect of environmental lighting on serotonin
rhythm in rat pineal gland during postnatal development. Life
Sci 10:583-590

IlInerova H (1991) The suprachiasmatic nucleus and rhythmic pi-
neal melatonin production. In: Klein DC, Moore RY,
Reppert SM (eds) Suprachiasmatic nucleus: the mind’s clock.
Oxford University Press, New York, pp 197-216

Illnerova H, Backstrom M, Saaf J, Wetterberg L, Vanbo M (1978)
Melatonin in rat pineal gland and serum: rapid parallel decline
after light exposure at night. Neurosci Lett 9:189-193

IlInerova H, Vanecek J, Krecek J, Wetterberg L, Saaf J (1979) Ef-
fect of one minute exposure to light at night on rat pineal sero-
tonin N-acetyltransferase and melatonin. J Neurochem 32:
673-675

luvone PM, Brown AD, Haqgue R, Weller JL, Zawilska JB,
Chaurasia SS, Ma MH, Klein DC (2002) Retinal melatonin
production: role of proteasomal proteolysis in circadian and
photic control of arylalkylamine N-acetyltransferase. Invest
Ophthalmol Vis Sci 43:564-572

Kalsbeek A, Buijs RM (2002) Output pathways of the mammalian
suprachiasmatic nucleus: coding circadian time by transmitter
selection and specific targeting. Cell Tissue Res (this issue)

Kalsheek A, Drijfhout WJ, Westerink BH, Heerikhuize JJ van,
Woude TP van der, Vliet J van der, Buijs RM (1996) GABA
receptors in the region of the dorsomedial hypothalamus of



136

rats are implicated in the control of melatonin and corticoste-
rone release. Neuroendocrinology 63:69-78

Kalsbeek A, Cutrera RA, Heerikhuize JJ van, Vliet J van der,
Buijs RM (1999) GABA release from suprachiasmatic nucleus
terminals is necessary for the light-induced inhibition of noc-
turnal melatonin release in the rat. Neuroscience 91:453-461

Kapatos G, Kaufman S, Weller JL, Klein DC (1981) Biosynthesis
of biopterin: adrenergic cyclic adenosine monophosphate-de-
pendent inhibition in the pineal gland. Science 213:1129-1131

Karsch FJ, Woodfill CJI, Malpaux B, Robinson JE, Wayne NL
(1991) Melatonin and mammalian photoperiodism: synchroni-
zation of annual reproductive cycles. In: Klein DC, Moore RY,
Reppert SM (eds) Suprachiasmatic nucleus: the mind’s clock.
Oxford University Press, New York, pp 217-232

Klein DC (1974) Circadian rhythms in indole metabolism in the
rat pineal gland. In: Schmitt, FO, Worden FG (eds) The neuro-
sciences. third study program. MIT Press, Cambridge, MA
pp 509-516

Klein DC (1985) Photoneural regulation of the mammalian pineal
gland. In: Evered D, Clark S (eds) Photoperiodism, melatonin,
and the pineal. Ciba Foundation Symposium, vol 117. Pittman
Press, London, pp 38-56

Klein DC, Lines SV (1969) Pineal hydroxyindole-O-methyltrans-
ferase activity in the growing rat. Endocrinology 84:1523—
1525

Klein DC, Moore RY (1979) Pineal N-acetyltransferase and hydr-
oxyindole-O-methyltransferase: control by the retinohypotha-
lamic tract and the suprachiasmatic nucleus. Brain Res 174:
245-262

Klein DC, Weller JL (1970) Indole metabolism in the pineal
gland: a circadian rhythm in N-acetyltransferase. Science 169:
1093-1095

Klein DC, Weller JL (1972) Rapid light-induced decrease in pine-
a serotonin N-acetyltransferase activity. Science 177:532-533

Klein DC, Weller JL, Moore RY (1971) Melatonin metabolism:
neura regulation of pineal serotonin: acetyl coenzyme A N-
acetyltransferase activity. Proc Natl Acad Sci USA 68:3107—
3110

Klein DC, Smoot R, Weller JL, Higa S, Markey SP, Creed GJ, Ja-
cobowitz DM (1983a) Lesions of the paraventricular nucleus
area of the hypothalamus disrupt the suprachiasmatic spinal
cord circuit in the melatonin rhythm generating system. Brain
Res Bull 10:647-652

Klein DC, Sugden D, Weller JL (1983b) Postsynaptic a-adrener-
gic receptors potentiate the 3-adrenergic stimulation of pineal
serotonin N-acetyltransferase. Proc Natl Acad Sci USA 80:
599-603

Klein DC, Moore RY, Reppert SM (1991) Suprachiasmatic nucle-
us: the mind's clock. Oxford University Press, New York

Klein DC, Coon SL, Roseboom PH, Weller JL, Bernard M,
Gastel JA, Zatz M, luvone PM, Rodriguez IR, Bégay V,
Falcdn J, Cahill GM, Cassone VM, Baler R (1997) The mela-
tonin rhythm-generating enzyme: molecular regulation of se-
rotonin N-acetyltransferase in the pineal gland. Recent Prog
Horm Res 52:307-358

Kopin 1J, Pare CMB, Axelrod J, Weissbach H (1961) The fate of
melatonin in animals. J Biol Chem 236:3072-3075

Korf HW, Kroeber S, Schomerus C (1997) Regulation of the intra-
cellular concentration of free calcium ions in pinealocytes of
the rainbow trout and the rat. Biol Signals 6:201-211

Korf HW, Schomerus C, Stehle JH (1998) The pineal organ, its
hormone melatonin, and the photoneuroendocrine system. Adv
Anat Embryol Cell Biol 146:1-100

Kramer A, Yang FC, Snodgrass P, Li X, Scammell TE, Davis FC,
Weitz CJ (2001) Regulation of daily locomotor activity and
sleep by hypothalamic EGF receptor signaling. Science 294:
2511-2515

Kyriacou CP, Rosato E (2000) Squaring up the E-box. J Biol
Rhythms 15:483-490

Larsen PJ, Enquist LW, Card JP (1998) Characterization of the
multisynaptic neuronal control of the rat pineal gland using vi-
ral transneuronal tracing. Eur J Neurosci 10:128-145

Lewy AJ, Cutler NL, Sack RL (1999) The endogenous melatonin
profile as a marker for circadian phase position. J Biol
Rhythms 14:227-236

Lucas RJ, Freedman MS, Munoz M, Garcia-Fernandez JM,
Foster RG (1999) Regulation of the mammalian pineal by non-
rod, non-cone, ocular photoreceptors. Science 284:505-507

Maronde E, Pfeffer M, Olcese J, Molina CA, Schlotter F
Dehghani F, Korf HW, Stehle JH (1999) Transcription factors
in neuroendocrine regulation: rhythmic changes in pCREB
and ICER levels frame melatonin synthesis. J Neurosci 19:
3326-3336

Martinez A, Knappskog PM, Haavik J (2001) A structural ap-
proach into human tryptophan hydroxylase and its implica-
tions for the regulation of serotonin biosynthesis. Curr Med
Chem 8:1077-1091

Mefford IN, Chang P, Klein DC, Namboodiri MAA, Sugden D,
Barchas J (1983) Reciprocal day/night relationship between
serotonin oxidation and N-acetylation products in the rat pine-
a gland. Endocrinology 113:1582-1586

Mgller M (1999) Introduction to mammalian pinea innervation.
Microsc Res Tech 46:235-238

Mgiler M, Baeres MM (2002) The anatomy and innervation of the
mammalian pineal gland. Cell Tissue Res (this issue)

Mgiler M, Korf HW (1983a) Central innervation of the pineal or-
gan of the Mongolian gerbil. A histochemical and lesion study.
Cell Tissue Res 230:259-272

Mgller M, Korf HW (1983b) The origin of central pinealopetal
nerve fibers in the Mongolian gerbil as demonstrated by the
retrograde transport of horseradish peroxidase. Cell Tissue Res
230:273-287

Moore RY, Klein DC (1974) Visua pathways and the central neu-
ral control of a circadian rhythm in pineal serotonin N-acetyl-
transferase activity. Brain Res 71:17-33

Moore RY, Speh JC, Card JP (1995) The retinohypothalamic tract
originates from a distinct subset of retina ganglion cells.
J Comp Neurology 352:351-366

Namboodiri MAA, Sugden D, Klein DC, Tamarkin L, Mefford IN
(1985) Serum melatonin and pineal indoleamine metabolism
in a species with a small day night N-acetyltransferase rhythm.
Comp Biochem Physiol B Biochem Mol Biol 80:731-736

Natesan A, Geetha L, Zatz M (2002) Rhythm and soul in the avian
pineal. Cell Tissue Res (thisissue)

Nelson DE, Takahashi JS (1991) Sensitivity and integration in a
visual pathway for circadian entrainment in the hamster (Me-
socricetus auratus). J Physiol 439:115-145

Obsil T, Ghirlando R, Klein DC, Ganguly S, Dyda F (2001) Crys-
tal structure of the 14-3-3zetaserotonin N-acetyltransferase
complex: a role for scaffolding in enzyme regulation. Cell
105:257-267

Okamura H, Yamaguchi S, Yagita K (2002) Molecular machinery
of the mammalian circadian clock in mammals. Cell Tissue
Res (thisissue)

Oxenkrug GF, Dragovic LJ, Marks BH, Yuwiler A (1990) Effect
of cocaine on rat pineal melatonin synthesisin vivo and in vit-
ro. Psychiatry Res 34:185-1900

Parfitt AG, Klein DC (1976) Sympathetic nerve endings protect
against acute stress-induced increase in N-acetyltransferase
(E.C. 2.3.1.87) activity. Endocrinology 99:840-854

Pévet P, Bothorel B, Slotten H, Saboureau M (2002) The chrono-
biotic properties of melatonin. Cell Tissue Res (thisissue)

Provencio |, Rollag MD, Castrucci AM (2002) Photoreceptive net
in the mammalian retina. Nature 415:493

Redman J, Armstrong S, Ng KT (1983) Free-running activity
rhythms in the rat-entrainment by melatonin. Science
219:1089-1091

Reppert SM, Perlow MJ, Ungerleider L, Mishkin M, Tamarkin L,
Orloff DG, Hoffman H, Klein DC (1981) Effects of damage to
the suprachiasmatic area of the anterior hypothalamus on the
daily melatonin and cortisol rhythms in the Rhesus monkey.
JNeurosci 1:1414-1425

Ribelayga C, Pévet P, Simonneaux V (2000) HIOMT drives the
photoperiodic changes in the amplitude of the melatonin peak



of the Siberian hamster. Am J Physiol Regul Integr Comp
Physiol 278:R1339-R1345

Rollag MD, Niswender GD (1976) Radioimmunoassay of serum
concentrations of melatonin in sheep exposed to different
lighting regimens. Endocrinology 98:482—489

Roseboom PH, Klein DC (1995) Norepinephrine stimulation of
pineal cyclic AMP response element-binding protein phos-
phorylation: primary role of a beta-adrenergic receptor/cyclic
AMP mechanism. Mol Pharmacol 47:439-449

Roseboom PH, Weller JL, Babila T, Aitken A, Sellers LA,
Moffett JR, Namboodiri MAA, Klein DC (1994) Cloning and
characterization of the epsilon and zeta isoforms of the 14-3-3
proteins. DNA Cell Biol 13:629-640

Roseboom PH, Coon SL, Baer R, McCune SK, Weller JL,
Klein DC (1996) Melatonin synthesis: analysis of the more
than 150-fold nocturnal increase in serotonin N-acetyltransfer-
ase messenger ribonucleic acid in the rat pineal gland. Endo-
crinology 137:3033-3045

Ross AW, Morgan PJ (2002) The pars tuberalis as a target of the
central clock. Cell Tissue Res (thisissue)

Sack RL, Brandes RW, Kendall AR, Lewy AJ (2000) Entrainment
of free-running circadian rhythms by melatonin in blind peo-
ple. N Engl JMed 342:1070-1077

Schomerus C, Laedtke E, Korf HW (1995) Calcium responses of
isolated, immunocytochemically identified rat pinealocytes to
noradrenergic, cholinergic and vasopressinergic stimulations.
Neurochem Int 27:163-175

Schomerus C, Korf HW, Laedtke E, Weller JL, Klein DC (2000) Se-
lective adrenergic/cyclic AMP-dependent switch-off of proteaso-
mal proteolysis alone switches on neura signa transduction: an
example from the pineal gland. J Neurochem 75:2123-2132

Smith M, Burke Z, Humphries A, Wells T, Klein D, Carter D,
Baler R (2001) Tissue-specific transgenic knockdown of Fos-
related antigen 2 (Fra-2) expression mediated by dominant
negative Fra-2. Mol Cell Biol 21:3704-3713

Stehle JH, Foulkes NS, Molina CA, Simonneaux V, Pévet P,
Sassone-Corsi P (1993) Adrenergic signals direct rhythmic ex-
pression of transcriptional repressor CREM in the pineal
gland. Nature 365:314-320

Stehle JH, Gall C von, Korf HW (2002) Organisation of the circa-
dian system in melatonin-proficient C3H and melatonin-defi-
cient C57Bl mice: a comparative investigation. Cell Tissue
Res (this issue)

Sugden D, Klein DC (1983) Regulation of rat pineal hydroxyin-
dole-O-methyltransferase in neonatal and adult rats. J Neuro-
chem 40:1647-1653

Sugden D, Klein DC (1988) Activators of protein kinase C act at a
post-receptor site to amplify cAMP production in rat pineal o-
cytes. JNeurochem 32:149-155

Sugden D, Vanecek J, Klein DC, Thomas TP, Anderson WB
(1985) Activation of protein kinase C potentiates isoprenaline-

137

induced cyclic AMP accumulation in rat pinealocytes. Nature
314:359-361

Sugden AL, Sugden D, Klein DC (1986) Essential role of calcium
influx in the adrenergic regulation of CAMP and cGMP in rat
pinealocytes. JBiol Chem 261:11608-11612

Sugden AL, Sugden D, Klein DC (1987) a,-Adrenoceptor activa-
tion elevates cytosolic calcium in rat pinealocytes by increas-
ing net influx. J Biol Chem 262:741-745

Takekida S, Yan L, Maywood ES, Hastings MH, Okamura H
(2000) Differential adrenergic regulation of the circadian ex-
pression of the clock genes Periodl and Period2 in the rat pi-
neal gland. Eur JNeurosci 12:4557-4561

Tamarkin L, Reppert SM, Klein DC, Pratt B, Goldman BD (1980)
Studies on the daily pattern of pineal melatonin in the Syrian
hamster. Endocrinology 107:1525-1529

Teclemariam-Meshah R, Ter Horst GJ, Postema F, Wortel J,
Buijs RM (1999) Anatomical demonstration of the suprachias-
matic nucleus-pineal pathway. J Comp Neurol 406:171-182

Tosini G, Fukuhara C (2002) The mammalian retina as a clock.
Cell Tissue Res (thisissue)

Tosini G, Menaker M (1996) Circadian rhythms in cultured mam-
malian retina. Science 272:419-421

Vanecek J, Sugden D, Weller JL, Klein DC (1985) Atypical syner-
gistic ay- and B-adrenergic regulation of adenosine 3'.5'-
monophosphate and guanosine 3',5'-monophosphate in rat pi-
neal ocytes. Endocrinology 116:2167-2173

Vanecek J, Sugden D, Weller JL, Klein DC (1986) See-saw signal
processing in pinealocytes involves reciprocal changes in the
alpha 1-adrenergic component of the cyclic GMP response and
the beta-adrenergic component of the cyclic AMP response.
JNeurochem 47:678-686

Wartman SA, Branch BJ, Taylor RG, Taylor AN (1969) Evidence
for a cholinergic influence on pineal hydroxyindole O-methyl-
transferase activity with changes in environmental lighting.
Life Sci 8:1263-1270

Wehr TA (1991) The durations of human melatonin secretion and
sleep respond to changes in day length (photoperiod). J Clin
Endocrinol Metab 73:1276-1280

Wurtman RJ, Axelrod J, Philips LS (1963) Melatonin synthesisin
pineal gland: control by light. Science 142:1071-1073

Yanovski J, Witcher J, Adler N, Markey S, Klein DC (1987) Stim-
ulation of the paraventricular nucleus area of the hypothala-
mus elevates urinary 6-hydroxymelatonin during daytime.
Brain Res Bull 19:129-133

Yu L, Schaad N, Klein DC (1993) Calcium potentiates cyclic
AMP stimulation of pineal N-acetyltransferase (E.C. 2.3.1.87).
JNeurochem 60:1436-1443

Zatz M, Gastel JA, Heath JR 111, Klein DC (1999) Chick pineal
melatonin synthesis: light and cAMP control abundance of se-
rotonin N-acetyltransferase (AANAT, EC 2.3.1.87) protein.
J Neurochem 74:2315-2321



